
Developmental Changes in Ovine
Myocardial Glucose Transporters and

Insulin Signaling FollOWing Hyperthermia-
Induced Intrauterine Fetal Growth Restriction

JAMES s. BARRY,
l

MEREDITH L. DAVIDSEN, SEAN W. LIMESAND, HENRY L. GALAN,

JACOB E. FRIEDMAN, TIMOTHY R. H. REGNAULT, AND WILLIAM W. HAY, JR.

University of Colorado School of Medicine, Denver, Colorado 80218

Developmental changes in ovine myocardial glucose trans-
porters and Insulin signaling following hyperthermia-induced
intrauterine fetal growth restriction (IUGR)were the focus of our
study. Our objective was to test the hypothesis that the fetal
ovine myocardium adapts during an IUGR gestation by increas-
ing glucose transporter protein expression, piasma membrane-
bound glucose transporter protein concentrations, and insulin
signal transduction protein concentrations. Growth measure-
ments and whole heart tissue were obtained at 55 days gesta-
tional age (dGA), 90 dGA, and 135 dGA (term = 145 dGA) in
fetuses from control (C) and hyperthermic (HT) pregnant sheep.
Additionally, in 135 dGA animals, arterial blood was obtained
and Doppler ultrasound was used to determine umbilical artery
systolic (S) and diastolic (D) flow velocity waveform profiles to
calculate pulsatility (S - D/mean) and resistance (S - DIS)
indices. Myocardial Glut-1, Glut-4, insulin signal transduction
proteins involved in Glut-4 translocation, and glycogen content
were measured. Compared to age-matched controls, HT 9O-dGA
fetal body weights and HT 135-dGAfetal weights and gross heart
weights were lower. Heart weights as a percent of body weights
were similar between C and HT sheep at 135 dGA. HT 135-dGA
animals had (i) lower fetal arterial plasma glucose and insulin
concentrations, (ii) lower arterial blood oxygen content and
higher plasma lactate concentrations, (Iii) higher myocardial
Glut-4 plasma membrane (PM) protein and insulin receptor p
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protein (IRP) concentrations, (iv) higher myocardial glycogen
content, and (v) higher umbilical artery Doppler pulsatility and
resistance indices. The HT ovine fetal myocardium adapts to
reduced circulating glucose and insulin concentrations by
increasing plasma membrane Glut-4 and IRP protein concen-
trations. The increased myocardial Glut-4 PM and IRII protein
concentrations likely contribute to or increase the intracellUlar
delivery of glucose and, together with the increased lactate
concentrations, enhance glycogen synthesis, which allows for
maintained myocardial growth commensurate with fetal bOdy
growth. Exp Bioi Med 231 :566-575, 2006
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growth restriction; insulin; glycogen

Introduction
Many epidemiologic and basic science investigations

have found a strong correlation between fetal growth
restriction (IUGR) and the later development of adult
diseases such as Type II diabetes and cardiovascular disease
(1-6). In the adult with Type II diabetes, a hallmark of
diabetes is myocardial "insulin resistance" that inVOlves
defects in the insulin signaling pathway responsible for the
translocation of Glut-4, the primary insulin-sensitive
glucose transporter, to the plasma membrane (7. 8). It has
been hypothesized that alterations in the fetal environment
that produce IUGR may be causal with regard to the later
development of adult cardiovascular disease. Moreover,
perturbations in the insulin signaling pathway that ulti-
mately limit myocardial Glut-4 translocation, leading to
"insulin resistance," could be initiated in the growth-
restricted fetus during development.

Insulin stimulates glucose uptake by recruitment of
insulin-sensitive glucose transporters from tubulovesicular
elements to the sarcolemma in cardiac muscle (9). A
cascade of signaling events is required for this process,
including initial insulin binding to its receptor. activation of
intracellular receptor autophosphorylation and kinase activ-
ity. and subsequent phosphorylation of insulin receptor
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substrates (IRS), mostly IRS-I and IRS-2 in the cardio-
myocyte (10). IRS proteins act as docking proteins for
downstream signaling molecules, including the regulatory
subunit (p85cx) of PI-3 kinase, leading to increased plIO
catalytic activity of the PI-3-kinase complex. PI-3-kinase
plays an essential role in insulin-stimulated Glut-4 trans-
location (II). The signaling pathways downstream from PI-
3-kinase include protein kinase B (PKB or Akt) (12). PKB/
Akt is phosphorylated, leading to Glut-4 vesicle migration
to the sarcolemma (13). The role of these proteins in the
adaptation of the fetal myocardium to IUGR is unknown.

Most cases of IUGR derive from chronic placental
insufficiency that results in decreased fetal plasma concen-
trations of glucose, insulin, and oxygen and increased
concentrations of lactate (14-17). Studies in fetal sheep (18-
20) I and rats (21) have shown that fetal glucose restriction
and hypoglycemia tend to upregulate insulin action and
enhance the capacity for glucose uptake and metabolism by
fetal cells and tissues; this is particularly true in skeletal
muscle. Such studies revealed that adaptive increases in
insulin sensitivity and glucose tolerance persisted into the
neonatal period, but by adulthood, these same previously
IUGR animals developed insulin resistance and glucose
intolerance. Similar results have been obtained for humans
(22).

Although such adaptations have been observed in
skeletal muscle, little information has been obtained in the
fetal myocardium despite the later life development of
myocardial insulin resistance in adults who were born with
IUGR. Furthermore, it has been observed that fetal
myocardial growth is maintained in relation to fetal body
growth in the presence of decreased fetal plasm~ concen-
trations of glucose and insulin (and oxygen) and Increased
concentrations of lactate during an IUGR gestation (14),
indicating a unique adaptation mechanism for survival.

During a gestation complicated by IUGR, it is
important to understand the mechanisms that allow the
fetal myocardium to adapt to these unusual substrate
changes. We chose to study the myocardial glucose
transporters and the related adaptations of insulin signal
transduction proteins during an IUGR gestation in fetal
sheep to help understand how the fetal myocar~ium ada?ts
to glucose deficiency and lactate excess. Such information
will provide a basis for understanding how such in utero
adaptations might change over the animal's life span and
lead to later life metabolic complications, such as adult
myocardial insulin resistance (7, 8). To date, there has been
no study that defines those mechanisms in glucose transport
or insulin signaling that might develop in the myocardium
of the (UGR fetus to account for such adaptations.

To better define Glut-I and Glut-4 ontogeny, we
studied control and growth-restricted fetal sheep from three

'Limesand sW. Hay WW. Jr. Unpublished data.

gestational age groups; 55 days gestational age (dGA; full-
term, 147 dGA), when the ovine placenta begins maximal
growth and fetal nutrient uptake from the placenta develops;
90 dGA, when placental growth in the sheep plateaus or
even decreases, while placental nutrient transport capacity
increases to accommodate the rapid fetal growth (23); and
135 dGA, when the smaller IUGR placenta progressively
limits nutrient and oxygen transfer to the fetus (16) and
limits subsequent fetal growth. By studying three discrete
periods in gestation, we were able to identify. the ontogeny
of Glut-I and Glut-4 myocardial mRNA and protein
concentrations during the second half of gestation in fetal
sheep. Secondly, in the late gestation fetal myocardium, we
investigated the alterations in key proteins of the insulin
signaling pathway associated with Glut-4 translocation. The
purpose of these studies was to test the hypothesis that the
fetal ovine myocardium would adapt during an IUGR
gestation by increasing Glut-I and Glut-4 cell membrane
transporter concentration, increasing insulin signal trans-
duction, and increasing myocardial glycogen content.

Materials and Methods

Experimental Animals. This study was approved
by the University of Colorado Health Sciences Center
Animal Care and Use Committee. Thirty-five time-mated,
mixed-breed (Columbia-Rambouillet) pregnant ewes with a
singleton fetus were used for this study. Nineteen ewes were
placed in a hyperthermic (HT) environmental chamber
starting at -35 dGA (40°C for 12 hrs/day and 35°C for 12
hrs/day) to produce placental insufficiency-induced late
gestation fetal growth restriction (17, 24, 25). Ewes were
maintained in the HT chamber until the gestational age of
study, except for the 135-dGA group, the ewes from which
were removed from the HT chamber at 120 dGA and placed
in control conditions until the time of study. Sixteen pairs of
fed ewes were placed in a control (C) environment (20°C :::!::

2°C for 24 hrs/day). The lighting regimen, humidity,
temperature cycling, maternal core body temperature, and
the diet/feeding of alfalfa hay pellets to animals have been
previously described (26) .

Experimental Design and Tissue Preparation.
Studies at 55 dGA (C, n= 5; HT, n = 5) and 90 dGA (C, n =
5; HT, n = 5) consisted of necropsies. Whole fetal and
individual organ weights were measured, and fetal whole
heart tissue was harvested, snap frozen in liquid nitrogen,
and stored at -80°C (27).

Additional studies were performed on the 135-dGA
group (C, n = 6; IUGR, n = 9). Umbilical arterial Doppler
ultrasound velocimetry studies were performed on these
animals at 125 dGA (ATL Ultramark 9; Advanced
Technology Laboratories, Bellevue, WA). We used blood-
flow indices of resistance that are commonly used in clinical
practice and have been previously described in the ovine
hypothermia model of IUGR, as described by Galan et al.
(28). Briefly, pregnant ewes were examined supine in a
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Table 1. cDNA Construction for Glut-1, Glut-4, and GAPDH

cDNA

Glut-1
Glut-4
GAPDH

Forward primer (5'-3')

GACAGGGAGGAGCAAGCCAAA
TCCACCAGCATCTTYGAG
CCCTATAGTGAGTCGTATTA

Reverse primer (5'-3')

TAGGGTGAAGCCAGGGATGTG
CCCTCAGTCAGGCTCATC
AATNAACCCTACTAAAGGG

Product base pairs Accession No.

381 U89029
351 AY949177
266 U94889

semirecumbent position. Using an ATL 4.0-MHz abdominal
transducer and an angle of insonation of less than 30°, pulse-
waved umbilical artery Doppler velocimetry was performed
using color-flow Doppler guidance. Pulsatility (systolic [S]
- diastolic [D]/mean) and resistance (S - DIS) indices were
calculated based on Doppler flow velocity waveform
profiles with a minimum of three cardiac cycles. It has
been shown that ovine fetuses with elevated pulsatility and
resistance indices have elevated mean systemic blood
pressures (29).

At 128 dGA, the 135-dGA group had surgery
performed under conditions described previously (14).
Surgery was performed after 24 hrs of fasting and 12 hrs
without water. The ewes were sedated on the morning of
surgery with buprenorphine (I mg/kg subcutaneously), and
anesthesia was induced with diazepam (0.11 mg/kg intra-
venous) and ketamine (4.4 mg/kg intravenous). Surgery was
performed under isofluorane (10/0-3%) inhalation. After
laparotomy and hysterotomy, polyvinyl catheters (1.4-mm
outside diameter) were placed in the maternal femoral artery
and vein, the uterine vein draining the pregnant horn, and
the fetal pedal artery, umbilical artery, and vein. All
catheters were tunneled subcutaneously through an incision
on the ewe's flank and secured in a plastic pouch. Catheters
were flushed daily with a heparinized saline solution (500 u
heparin per ml saline). Catheter placement was confirmed at
necropsy. Buprenorphine analgesia was administered daily
to the ewe for 3 days following surgery.

At 135 dGA, blood samples were obtained for fetal
arterial plasma glucose and lactate concentrations (Yellow
Springs model 2700 Select; Yellow Springs Instrument Co.,
Yellow Springs, OH) and plasma insulin concentrations
(Mercodia sheep insulin enzyme-linked immunosorbent
assay [ELISA]; Alpco Diagnostics, Windham, NH; this
method has been validated for the determination of sheep
insulin levels to a sensitivity of 0.05 ng/ml and in our
laboratory, the interassay and intraassay coefficients of
variation were 2.13% and 2.65%, respectively). Blood
samples for hemoglobin oxygen content, pH, pC02, and
p0 2 values were drawn into heparinized capillary syringes
and analyzed using an ABL 520 blood gas analyzer
(Radiometer Medical, Copenhagen, Denmark). A necropsy
was then performed to weigh individual fetal organs and to
obtain tissue for snap freezing in liquid nitrogen and storage
at -80°C. At a later time, frozen whole heart tissue from all
three groups (55-,90-, and I35-dGA groups) was ground in

liquid nitrogen for further RNA extraction and protein
isolation.

Generation of OVine-Specific cDNAs. Whole
heart total cellular RNA was extracted using Tri-Reagent
methodologies (Molecular Research Center, Inc., Cincin-
nati, OH). Polyadenylated RNA was reverse-transcribed
with Superscript II reverse transcriptase (Invitrogen Life
Technologies, Carlsbad, CA). Glut-l , Glut-4, and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) eDNA
were amplified with a polymerase chain reaction (PCR)
using synthetic oligonucleotides (Invitrogen), as previously
described (30) (Table 1). PCR products were TA cloned
using TOPO PCR II kit and transformed into Top 10 F'
competent Escherichia coli (Invitrogen). Plasmids were
purified using QIAprep Spin Miniprep Kit (Qiagen, Inc.,
Valencia, CA). The ovine GAPDH cDNA generation has
been previously described (26). Nucleotide sequence
verification was performed using Basic Local Alignment
Search Tool (BLAST NCBI, Bethesda, MD) for the ovine-
specific Glut-l and Glut-4 cDNA (Genbank accession
U89029 and AY949 177).

Myocardial Northern Blot Analysis for Glut-1
and Glut-4 mRNA Concentration. Northern blot anal-
ysis was performed as described previously (26, 31).
Briefly, 20 ug of total cellular RNA was analyzed and
blots probed with [et_32p]dCTP radiolabeled Glut-l , Glut-4
or GAPDH cDNA. Following an overnight hybridization a;
42°C and washing, membranes were exposed to a phospho-
imaging screen at -80°C until sufficient band density was
obtained. The phospho-images were analyzed by densitom_
etry using Image Quantification Software (Molecular
Dynamics, Amersham Biosciences, Piscataway, NJ). The
hybridization band size of Glut-I, Glut-4, and GAPDH was
calculated by extrapolation from an 0.4-9.5-kb RNA ladder
(Gibco-BRL, Gaithersburg, MD). mRNA concentrations of
glucose transporters were normalized to GAPDH mRNA
(mean :!: standard error of the mean [SEMD. GAPDH
mRNA concentration was not significantly different across
gestation or between study groups.

Plasma Membrane (PM) Enrichment and Myo-
cardial Glut-1 and Glut-4 Western Immunoblot
Analysis. Frozen whole heart tissue was ground with a
mortar and pestle and homogenized in buffer containing
0.25 M sucrose, 0.5 mM EDTA, 50 mM HEPES, 3 roM
dithiothreitol (DTT), 0.2 mM phenylmethylsulfonyl
(PMSF), aprotinin (2 Ilg!ml), and leupeptin (5 Ilg/ml;
homogenization buffer). PM-enriched fractions were pre-
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pared by sucrose density centrifugation (32-34). Briefly,
homogenate was centrifuged at 1200 g for 10 mins at 4°C.
Supernatant was collected and stored on ice. The remaining
pellet was resuspended in homogenization buffer (see
above) and centrifuged again at 1200 g for 10 mins. The
two supernatants were combined, and an aliquot (whole
heart protein) was stored at -80°C. The remaining super-
natant was centrifuged at 9000 g for 15 mins. Resultant
supernatants were centrifuged for 20 mins at 25,000 g.
Supernatants were collected and centrifuged at 100,000 g
for 90 mins. The pellet (PM protein-enriched fraction) was
washed once and resuspended (0.25 M sucrose, 50 mM
HEPES, 100 mM KCI, 5 mM MgCh. aprotinin [2 ug/ml],
and leupeptin [5 ug/rnll). PM protein concentration and
whole heart protein homogenate were determined using a
modified Lowry assay (DC-protein assay; Bio-Rad, Her-
cules, CA). Enrichment of PM preparations was assessed by
immunoblots with mouse monoclonal anti-sodium/potassi-
um adenosine triphosphatase alpha-I (05-369 Upstate, Lake
Placid, NY).

Electrophoresis was performed under reduced condi-
tions on 50-llg aliquots of PM protein fractions from 55-
dGA, 90-dGA, and 135-dGA animals and whole heart
homogenate from 90-dGA and I35-dGA animals using the
Nupage system (Invitrogen) on a 10% sodium dodecyl
sulfate-Tris-glycine gel. Proteins were transferred to an ECL
nitrocellulose membrane (Amersham) using the Invitrogen
mini-cell and blot module. After proper blocking, the blot
was incubated with Glut-I antibody at I:2000 dilution in IX
PBS-T (AB1340; Chemicon, Temecula, CA) or Glut-4
antibody at I :3000 dilution in IX PBS-T (AB 1346,
Chemicon). The blot was washed at room temperature with
IX PBS-To The blot was incubated with goat anti-rabbit-
HRP (SC-2030; Santa Cruz Biotechnology, Santa Cruz, CA)
diluted in blocking buffer at I: I0,000. After extensive
washing, the blots were visualized by enhanced chemilumi-
nescence. Blots were exposed to Hyperfilm (Amersham).
Resulting band intensities were analyzed densitometrically
through NIH-Scion Image software. Ponceau S staining was
performed to ensure sufficient and even protein transfer
across the entire nitrocellulose membrane to avoid technical
difficulties in detection. For blots containing plasma
membrane protein samples, variation between immunoblots
was controlled for by electrophoresis of a standardized
pooled sample on every immunoblot to provide an internal
standard to normalize samples. The optical density of each
protein identified by the r~spe~tive antis~ru~ w~s divi~~d by
the internal control protem poor to subjecting mtensines to
statistical analysis to distinguish treatment differences. For
immunoblots containing whole heart protein samples,
GAPDH (NB3DO-22I; Novus Biologicals, Inc., Littleton,
CO) was used at a dilution of 1:1000 in IX PBS-T as a
housekeeping protein for multiple membranes. Apparent
molecular weight for Glut-I and Glut-4 bands was
confirmed by comparison with prestained molecular weight
markers (Rainbow Marker; Amersham).

Western Immunoblot Analysis of Insulin Re-
ceptor Jl Protein (IRJl) Subunit, IRS-1, IRS-2, Total
Aid, Phosphorylated Aid, and p85cx Subunit of PI·3
Kinase. Preparations of whole heart homogenate (from
90-dGA and 135-dGA animals), protein quantification,
protein gel loading, electrophoresis, and protein transfer to
ECL nitrocellulose membranes were performed as described
above for Glut-I and Glut-4 irnmunoblot analysis. The blots
were incubated with the following dilution of primary
antibody in IX PBS-T at I:500 for IRp (SC-711, Santa Cruz
Biotechnology), at I:500 for IRS-I (SC-559, Santa Cruz
Biotechnology), at I:300 for IRS-2 (SC-8299, Santa Cruz
Biotechnology), at 1:1000 for p85 subunit of PI-3-kinase
(06-496, Upstate), at 1:500 for Akt (SC-7127, Santa Cruz
Biotechnology), at I :200 for phospho-AKT (Cell Signaling
Tech Inc., Beverly, MA), and at I :2000 for GAPDH. Blots
were incubated with the appropriate secondary antibody
conjugated to HRP diluted in blocking buffer and visualized
by enhanced chemiluminescence. Blots were exposed to
Hyperfilm (Amersham). Resulting band intensities were
analyzed densitometrically through Scion Image software.
GAPDH was used as a housekeeping protein for all
immunoblots as it was found not to be significantly different
across gestation or between study groups.

Myocardial Tissue Glycogen Analysis and Fetal
Plasma Insulin Determination. Glycogen concentra-
tion was determined in 135-dGA cardiac tissue stored at
-80°C, as previously described (35). Briefly, 100 mg of
cardiac tissue was pulverized by mortar and pestle and
placed in a 15-ml centrifuge tube containing 2 ml of 30%
KOH. The tubes were placed in a boiling water bath for 30
mins for digestion. One hundred and fifty milliliters of
homogenate was placed on #1 Whatman filter paper. The
filter paper containing homogenate was then placed into
66% ethanol with constant stirring for 30 mins. The filter
paper was removed and dried in a warm oven. After cutting
the filter paper into small pieces, they were placed into a 15-
ml centrifuge tube containing 2 ml of 0.2 M acetate buffer
(pH 4.8, 0.5% glacial acetic acid, 0.12 M sodium acetate)
and 25 III amyloglucosidase (A-1602, Sigma Chemical Co.,
St. Louis, MO). After adequate mixing, the tubes were
placed into a shaking water bath at 37°C for 60 mins. Next,
400 III of sample was analyzed for glucose concentration in
triplicate on a Yellow Springs Analyzer and compared to
concurrently run standards of glycogen (G-8876, Sigma
Chemical). Results are expressed as 11M glucose/g wet
weight heart tissue.

In 135-dGA fetuses, plasma insulin levels were
determined using a Mercodia sheep insulin ELISA (Alpco
Diagnostics). This method has been validated for the
determination of sheep insulin levels to a sensitivity of
0.05 ng/ml. In our laboratory, the interassay and intraassay
coefficients of variation were 2.13% and 2.65%, respec-
tively, for low-concentration control and 9.68% and 8.50%,
respectively, for high-concentration controls.

Statistical Analysis. Results are expressed as mean
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± SEM. Fetal growth, umbilical arterial velocimetry, and
biochemical and hematologic measurements were analyzed
using a two-tailed, unpaired Student's t test. When
comparing multiple gestational age groups under C or HT
conditions, a simple two-way analysis of variance (AN-
OVA) was used to compare treatment differences between
gestational age groups and treatment differences between
the groupings at a given gestational age. Post hoc analysis
was performed using Tukey's test for all possible ad hoc
comparisons. Results were considered significant at P S
0.05.

Results
Fetal Growth Measurements. Fetal body weights

in the HT group were 27% lower at 90 dGA and 49% lower
at 135 dGA (Table 2). Gross heart weights were 44% lower
in the HT group at 135 dGA, but heart weight as a percent
of body weight was similar between 135-dGA C and 135-
dGA HT fetuses. Brain weight as a percent of total fetal
weight was greater by 52% in the HT fetuses at 135 dGA.
Brain weight as a percentage of liver weight was 87%
higher in the HT fetuses at 135 dGA. These growth
parameters demonstrate the characteristic features of
asymmetric fetal growth restriction.

Fetal Umbilical Arterial Velocimetry. Doppler
resistance and pulsatility indices in the umbilical artery
were significantly higher in the near-term HT fetuses than in
the controls (Table 3). These velocimetry changes are
characteristic of asymmetric IUGR that include high-
resistance placental blood flow and "brain growth sparing."

Fetal Biochemical and Hematologic Concen-
trations. The plasma arterial glucose and insulin concen-
trations were 40% and 61% lower, respectively, in 135-dGA
HT fetuses (Table 3). Arterial lactate concentrations were
over 3-fold higher in the HT fetuses. Fetal arterial oxygen
contents were 54% lower in the HT fetuses. Cardiac tissue
glycogen contents were 70% higher in the HT myocardium
at 135 dGA.

Glut-1 and Glut-4 Northern and Western Immu-
noblot Analysis. Glut-I mRNA concentration was not
significantly different between study groups at any of the
gestational study times, but it was significantly higher in the
myocardium at 135 dGA compared with 90 dGA (P < 0.05)
(Fig. I). Whole heart Glut-I protein concentrations were not
significantly different between HT and C animals at 90 dGA
or 135 dGA. Glut-I myocardial PM protein concentrations
were significantly lower in near-term animals compared
with 55-dGA animals (P < 0.01). Glur-I PM protein
concentrations were not significantly different between
treatment groups at any of the studied gestational ages
(Fig. 2).

Glut-4 mRNA concentration in cardiac tissue was
greater at l35-dGA compared with 55-dGA animals (P <
0.05), but it was not different between treatment groups
(Fig. 3). Whole heart Glut-4 concentrations were not
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Table 3. 135-dGA Fetal Arterial Substrate Levels, pH, Insulin Levels, Oxygen Levels, and Umbilical Arterial
Doppler Ultrasound Indices. Results Are Reported as Means ± SEM

Arterial plasma glucose (mgldl)
Arterial plasma insulin (uU/ml)
Arterial plasma lactate (mMliter)
Myocardial glycogen (11M glucose/g heart tissue)
Fetal arterial pH
Fetal arterial PA02 (torr)
Fetal arterial SA02 (%)
Arterial oxygen content (mMliter)
Umbilical artery resistance index
Umbilical artery pulsatility index

B NS, not significant.

different between 90-dGA and 135-dGA animals or
between study groups at these ages. Glut-4 PM protein
concentrations were detectable in 55-dGA myocardium, but
these concentrations were not quantifiable. Glut-4 PM
protein concentrations were higher in 135-dGA myocar-
dium compared with 90-dGA myocardium (P < 0.01) and
were significantly higher in the HT myocardium at 135 dGA
compared to control values (P < 0.006) (Fig. 4).

Insulin Signaling Protein Western Immunoblot
Analysis. Protein concentrations of IRJ3 were greater in
l35-dGA HT myocardium compared with controls (P <
0.05) (Fig. 5). However, whole heart Western blot concen-
trations of IRS-l, IRS-2, total Akt, phosphorylated Akt, and
p85 subunit of PI-3 kinase were not different between 90-
dGA and 135-dGA fetuses or between the two study groups.

c:::JControl_HT

55

Figure 1. Glut-1 mRNA concentration throughout gestation. Twenty
micrograms of total cellular RNA was prepared and probed with
ovine-specific Glut-1 eDNA. Glut-1 mRNA concentration (optical
density/l!g of total cellUlar RNA) was determined in ovine fetal
myocardium at 55 dGA (n= 10), 90 dGA (n= 10), and 135 dGA (n=
15) in C and HT animals by Northem immunoblot analysis.
Quantitative densitometric analysis of [Glut-1 mRNA] was expressed
per [GAPDH mRNA] (optical density/l!g of total cellular RNA) in C
and HT myocardium. Data were analyzed using a two-way ANOVA to
detect differences across gestation and between study conditions.
Post hoc analysis was performed using TUkey's test for multiple
comparisons. Glut-1 mRNA concentration was higher in 135-dGA
myocardium compared with 9O-dGA heart tissue (a; P < 0.05).

Control HT Pvalue

20.5 ± 0.5 12.4 ± 0.9 <0.001
19.5 ± 4.0 7.6 ± 1.5 <0.01
2.0 ± 0.4 6.3 ± 1.9 <0.05

22.1 ± 1.5 37.5 ± 5.1 <0.05
7.35 ± 0.01 7.31 ± 0.03 NSa

18.5 ± 1.0 11.9 ± 1.0 <0.001
45.1 ± 2.5 20.8 ± 4.6 <0.001

2.6 ± 0.1 1.2 ± 0.4 <0.01
0.49 ± 0.1 0.76 ± 0.04 <0.001
0.51 ± 0.1 1.2 ± 0.1 <0.001

Discussion

The major findings in these studies were that the near-
term HT myocardium had higher concentrations of Glut-4
PM protein, higher concentrations of whole heart IRJ3
protein, and higher glycogen concentrations than did
controls. The myocardial weights, relative to fetal weights,
were unchanged in the near-term HT animals compared
with the controls. Taken together, these observations
indicate that the fetal heart exposed to nutrient and oxygen
deprivation appears to conserve myocardial energy supply
and growth.

This is the first study to report the ontogeny of glucose
transporters in the fetal myocardium during the last two-
thirds of a normal ovine gestation and in growth-restricted
fetal sheep carried by ewes exposed to a HT environment.
This environment produces a smaller-than-normal placenta
that is associated with a decreased supply of nutrients and
oxygen to the fetus relative to fetal weight, resulting in
asymmetric fetal growth restriction (17, 36). We also found
that the near-term, HT growth-restricted fetuses had higher
Doppler velocirnetry umbilical artery resistance and pulsa-
tility indices, indicating an increased resistance to placental
blood flow.

The predominant cardiac muscle glucose transporters
are Glut-I and Glut-4. Glut-l is prominent in basal glucose
transport, and to a lesser extent may bestimulated by insulin
to promote glucose entry into cardiomyocytes (37). Glut-4 is
important for insulin-stimulated myocardial glucose uptake
(37-39).

Glut-4 plasma membrane concentrations were increased
in the IUGR near-term myocardium, whereas plasma
membrane concentrations of Glut-l were unchanged.
Studies have determined that Glut-4 has an important role
in postnatal cardiac growth, function, and metabolism. Tian
and Abel (40) found that Glut-4-deficient hearts developed
mild hypertrophy. Belke et al. (41) found that cardiac
overexpression of Glut-4 resulted in an increase in glucose
uptake, increased glycolytic rates, and increased cardiac
tissue glycogen concentrations. These two important studies
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Figure 5. Insulin receptor ~ protein concentration. Fifty micrograms
of whole heart homogenate protein from 9O-dGA (n = 10) and 135.
dGA (n= 15) C and HT animals was probed with insulin receptor Ii
antibody. Quantitative densitometric analysis of insulin receptor p
concentrations (optical density/llg whole heart homogenate protein)
were expressed per GAPDH protein concentrations (optical densityl
119 whole heart homogenate protein). Data were analyzed using a
two-way ANOVA to detect differences across gestation and between
study conditions. Post hoc analysis was performed using Tukey's test
for multiple comparisons. Significantly higher concentrations of the
insulin receptor ~ protein were found in the HT myocardium in 135.
dGA animals than in C animals (a; P < 0.05).

Mechanisms that might account for the higher rnyoca-,
dial Glut-4 plasma membrane concentrations in the near-leon
HT animals include myocardial hypoxia, increased cardiac
contractility, increased cortisol levels, or increased insulin
signal transduction by the increased insulin receptor protein
concentrations. While it also is possible that direct effects of
hyperthermia on fetal myocardial development and metab_
olism could have been involved, this is less likely, as other,

90 135

Gestational Age

Figure 4. Glut-4 plasma membrane protein concentration throughout
gestation. Fifty micrograms of plasma membrane--enriched cardiac
tissue protein (PM) from 55-dGA (n= 10), 90-dGA (n= 10). and 135-
dGA (n = 15) C and HT animals was probed with Glut-4 antibody.
Quantitative densitometric analysis of Glut-4 PM protein concen-
trations (optical density/J,lg plasma membrane--enriched cardiac
tissue protein) was expressed per [pooled 135-dGA PM] (optical
density/J,lg plasma membrane--enriched cardiac tissue protein)
which served as an intemal control on multiple blots. Data wer~
analyzed using a two-way ANOVA to detect differences across
gestation and between study conditions. Post hoc analysis was
performed using Tukey's test for multiple comparisons. Glut-4 PM
protein concentrations were detectable in 55-dGA myocardium. but
were not quantifiable. Glut-4 PM protein concentrations were higher
in 135-dGA myocardium compared to 90-dGA myocardium (a; P <
0.01). There were significantly higher Glut-4 PM protein concen-
trations in HT myocardium compared to C at 135 dGA (b; P < 0.006).
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Figure 2. Glut-l plasma membrane protein concentration throughout
gestation. Fifty micrograms of plasma membrane--enriched cardiac
tissue protein (PM) from 55-dGA (n= 10). 9O-dGA (n= 10). and 135-
dGA (n = 15) C and HT animals was probed with Glut-l antibody.
Quantitative densitometric analysis of Glut-l PM protein concen-
trations (optical density/J,lg plasma membrane--enriched cardiac
tissue protein) were expressed per [pooled 135-dGA PM] (optical
density/llg plasma membrane--enriched cardiac tissue protein).
which served as an intemal control on multiple blots. Data were
analyzed using a two-way ANOVA to detect differences across
gestation and between study conditions. Post hoc analysis was
performed using Tukey's test for multiple comparisons. There were
significantly lower Glut-l PM protein concentrations in 135 dGA
compared with 55-dGA myocardium (a; 55 dGA vs. 135 dGA. P <
0.01).
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illustrate a crucial role of Glut-4 in postnatal myocardial
physiology and metabolism in mice. The increase in Glut-4
plasma membrane concentrations in the present studies.
therefore, might act in a manner similar to those in postnatal
studies to increase or maintain intracellular glucose delivery.
glycolytic rates, and cardiac tissue glycogen content.
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Figure 3. Glut-4 mRNA concentration throughout gestation. Twenty
micrograms of total cellular RNA was prepared and probed with
ovine-specific Glut-4 eDNA. Glut-4 mRNA concentration (optical
density/1l9 of total cellular RNA) was determined in ovine fetal
myocardium at 55 dGA (n= 10). 90 dGA (n= 10). and 135 dGA (n=
15) in C and HT animals by Northem immunoblot analysis.
Quantitative densitometric analysis of [Glut-4 mRNA] was expressed
per [GAPDH mRNA] (optical density/llg of total cellular RNA) in C
and HT myocardium. Data were analyzed using a two-way ANOVA to
detect differences across gestation and between study conditions.
Post hoc analysis was performed using Tukey's test for multiple
comparisons. There were significantly higher Glut-4 mRNA concen-
trations in 135-dGA myocardium compared to 55-dGA myocardial
tissue (a; dGA 55 vs. dGA 135. P < 0.05).

Glut-4 mRNA Concentration Throughout Gestation
8
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very different models of ovine fetal IUGR from placental
insufficiency and nutrient restriction (adolescent pregnant
ewe model [42,43] and uterine carunclectomy model [44])
have similar late gestation phenotypes with respect to
increased fetal glucose and insulin sensitivity, despite low
circulating fetal glucose and insulin concentrations. Fur-
thermore, while in vitro studies (45) have demonstrated
increased translocation of Glut-4 in response to acute
hyperthermia with no evidence of permanence of this effect,
if such effects were pronounced in this hyperthermia model
of fetal growth restriction, they should have been seen at 55
and 90 dGA, which they were not. It also is likely that they
would have disappeared at 135 dGA, when the animals were
studied, because the studies were done 15 days after they
were removed from the HT environmental chambers. Thus,
although hyperthermia itself cannot be excluded as a
mechanism for the observed increased Glut-4 translocation
with the current study design, it is not a likely mechanism
responsible for the observed changes in late gestation.

Hypoxia and increased cardiac contractility induce
Glut-4 translocation to the cell membrane in the cardio-
myocyte independent from insulin receptor activation (46-
48). Studies of adult cardiomyocyte hypoxia have shown
increased Glut-I and Glut-4 concentrations (49). In the
current studies, however, only Glut-4 concentrations were
increased, while Glut-l concentrations were unchanged;
these results are consistent with results obtained in the left
ventricle (but not the right ventricle) of fetal sheep following
7 days of experimentally produced anemia (-50% reduc-
tion in blood oxygen content) (50). In cardiac muscle, Glut-
4 translocates to the sarcolemma through mechanisms
separate from insulin/insulin receptor interactions in re-
sponse to contractions via a protein that initiates activation
of the PI-3-kinase catalytic activity independently of the
p85a regulatory subunit (47, 48). Galan et al. (29) have
shown that increased umbilical arterial pulsatility and
resistance indices in the IUGR ovine fetus correlate with
significantly higher fetal systemic blood pressures and
placental vascular resistance. We speculate that the increase
in systemic and umbilical arterial resistance may also lead to
a compensatory increase in myocardial contractility, which
might increase Glut-4 PM protein concentrations to
maintain the intracellular delivery of glucose for energy
production. Further study is needed in the IUGR ovine fetus
to directly determine cardiac work and the associated
changes in glucose metabolism.

Some preliminary evidence indicates that translocation
of Glut-4 to the plasma membranes in skeletal muscle might
increase in response to cortisol, which increases normally in
fetal sheep in the last 2 weeks of gestation (51). Fetal
cortisol concentrations increase in some rodent models of
IUGR (52) and in conditions that produce fetal stress, such
as severe hypoxemia (53), that are encountered to variable
degrees in IUGR fetuses. Experimental and naturally
occurring suboptimal intrauterine conditions, including
IUGR, increase hypothalamic-pituitary-adrenal activity and

cortisol concentrations (54). In the current study, however,
fetal plasma cortisol concentrations were not different
between the control and IUGR groups, and within this
model of hyperthermia-induced IUGR, cortisol concentra-
tions only appear to increase in male fetuses and those that
also have more severe degrees of fetal hypoxemia and
increased lactate concentrations (43).

In the present study, the smaller myocardial size in the
HT IUGR fetuses was proportional to their lower overall
weight. In contrast, the brain-to-body weight ratio was
greater by 47% in the HT IUGR fetuses at 135 dGA,
illustrating the "brain growth-sparing" characteristic of
asymmetrical IUGR. Myocardial growth is accomplished
by a complex interaction of various factors, such as
hormones (mainly of the insulin/lGF system), substrate
delivery, substrate transporters, and cardiac work (55-61).
In this model of IUGR, the fetal myocardium must adapt to
decreased circulating nutrient and insulin levels to sustain its
rates of metabolism and growth.

Two important determinants of myocardial growth were
lower in the IUGR fetus in the present study: arterial insulin
and glucose concentrations. Other investigations have shown
that fetal insulin and insulin-like growth factor concen-
trations directly correlate with fetal nutrition during gestation
(62, 63). The near-term IUGR myocardium in the present
studies might indicate adaptation to the lower concentrations
of insulin and glucose by increasing the concentrations of the
insulin receptor and Glut-4 PM proteins. Insulin receptors
are critical in myocardial growth, as studies in postnatal mice
with a cardiomyocyte-selective insulin receptor knockout
(CIRKO) have demonstrated a crucial role for insulin and
insulin receptor interactions in myocardial growth and
development. The CIRKO mice had a 22% and a 28%
reduction in heart weights and heart weights to body weights
ratios, respectively (56). Akt mediates myocardial growth
during development and in response to nutrient restriction
(64, 65). In these current studies, myocardial protein
concentrations of Akt and phosphorylated Akt were
unchanged in the late-gestation HT fetus. Therefore, the
greater insulin receptor concentrations and maintained
concentrations of Akt and phosphorylated Akt found in the
near-term ovine IUGR myocardium might represent mech-
anisms to conserve growth stimulated by insulin through the
insulin receptor via downstream signaling through Akt.
Future studies will be necessary to assess the insulin-
regulated mechanisms in the cardiomyocyte that control the
rate of amino acid synthesis into protein, cell turnover, and,
thus, myocardial growth.

The myocardium of the near-term IUGR ovine fetuses
had higher glycogen content than did controls. Fetal
myocardial glycogen deposition and metabolism are poorly
understood, especially with fetal growth restriction. My-
ocardial glycogen concentrations vary greatly among animal
species during fetal life (66, 67). The myocardium can
increase glycogen content independently of increased
cardiomyocyte glucose uptake if alternative energy sources
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are available. In this model of fetal growth restncnon,
circulating arterial concentrations of insulin and glucose are
lower, while those of lactate, another prominent myocardial
substrate, are higher. Cardiac lactate uptake and metabolism
are directly related to plasma lactate concentrations (68). It
is possible, therefore, that the fetal IUGR myocardium
transports glucose intracellularly to undergo glycolysis and
glycogen synthesis, while lactate is preferentially oxidized
for energy production. This scenario is supported by the
study of Goodwin et al. (69), which has shown that glucose
metabolic products, which undergo oxidation within the
myocardium, preferentially come from the breakdown of
glycogen instead of extracellular glucose. Furthermore, the
myocardium responds to fasting differently than do other
tissues. The adult myocardium increases glycogen content
with fasting, unlike other organs, such as skeletal muscle
and the liver, in which glycogen levels decrease under
fasting conditions (70).

In summary, the current study allows insight into the
changes in myocardial growth, glucose transporter expres-
sion and protein concentrations, and insulin signal trans-
duction protein concentrations during an IUGR gestation
with chronic changes of fetal oxygen delivery, substrate
availability, hormonal levels, and most likely cardiac work.
The IUGR myocardium adapts by increasing glycogen
content, Glut-4 PM protein concentrations, and the concen-
trations of the insulin receptor in the near-term ovine fetus.
Currently, in vivo studies in the chronically catheterized
ovine fetus are being performed to determine myocardial
carbohydrate utilization to better understand fetal myocar-
dial metabolic adaptations during an IUGR gestation.
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